| ZIMMERMAN ANd GRACE between cortical areas, termed "higher-order" nuclei. This transthalamic route between cortical areas is thought to allow for enhanced modulation or gating of information not available to cortico-cortical pathways (Guillery & Sherman, 2002; Mitchell, 2015; Saalmann, Pinsk, Wang, Li, & Kastner, 2012) , but higher-order thalamic nuclei are much less well-studied compared to first-order nuclei. In particular, it is still unclear precisely how corticothalamic input modulates thalamocortical cell firing in higherorder nuclei. Corticothalamic input to both first-order and higher-order thalamic nuclei consists of direct, monosynaptic connections and feedforward inhibition from the thalamic reticular nucleus (TRN) and extrathalamic sources (Halassa & Acsády, 2016; Sherman & Guillery, 2001 ). This circuity is complex and corticothalamic input is functionally heterogenous across cortical areas, highlighting the importance of characterizing the circuit dynamics of these connections in different parts of the corticothalamic network (Crandall, Cruikshank, & Connors, 2015; Halassa et al., 2014) .
The nucleus reuniens of the midline thalamus is a higherorder thalamic nucleus that represents a critical mediator of communication between the mPFC and hippocampus. Previous studies have shown that RE is involved in several different classes of behaviour that share in common a dependence on the coordinated action of these two regions , including spatial navigation (Ito, Zhang, Witter, Moser, & Moser, 2015; Jankowski et al., 2014) , working memory (Barker & Warburton, 2018; Cholvin et al., 2013; Duan et al., 2015; Hallock, Wang, Shaw, & Griffin, 2013; Layfield, Patel, Hallock, & Griffin, 2015; Maisson, Gemzik, & Griffin, 2018; Viena, Linley, & Vertes, 2018) , executive function (Linley, Gallo, & Vertes, 2016; Prasad, Abela, & Chudasama, 2017; Prasad, Macgregor, & Chudasama, 2013) fear learning (Davoodi, Motamedi, Akbari, Ghanbarian, & Jila, 2011; Ramanathan, Jin, Ressler, & Maren, 2018; Rangel, Baldo, & Canteras, 2018; Sierra et al., 2017; Troyner, Bicca, & Bertoglio, 2018; Vetere et al., 2017; Xu & Südhof, 2013) , mood regulation (Kafetzopoulos et al., 2017) and threat processing (Salay, Ishiko, & Huberman, 2018) . RE inputs to hippocampus selectively target apical tufted dendrites and interneurons in the stratum-lacunosum moleculare of the dorsal and ventral CA1, as well as the molecular layer of the subiculum, and these connections are reciprocal (Çavdar et al., 2008; Varela, Kumar, Yang, & Wilson, 2014; Vertes, Linley, & Hoover, 2015) . Corticothalamic projections to RE appear to follow the basic organizing principles described for other thalamic nuclei: neurons from layers 5 and 6 of the medial prefrontal cortex (mPFC) send monosynaptic connections to RE (McKenna & Vertes, 2004; Varela et al., 2014) and layer 6 ilPFC neurons send collaterals to the antero-medial TRN (Cornwall, Cooper, & Phillipson, 1990) , the same TRN subregion that projects to RE (Kolmac & Mitrofanis, 1997) .
Despite the well-established importance of RE in a variety of behaviours and the thorough characterization of its anatomical connections, studies examining the baseline firing properties of RE neurons and their modulation by afferent structures are sparse (Walsh, Brown, & Randall, 2017) . In particular, it is unknown how mPFC controls the firing of RE neurons and whether corticothalamic input from mPFC to RE is similar or different to that in other parts of the thalamus. Cortical input is likely to be dynamic and critical to gating RE output in a variety of behavioural contexts. Our goal was to assess the combined and separate contributions of direct and indirect ilPFC-RE pathways to controlling RE neuron firing. We focus on inputs to RE from the infralimbic subdivision of the mPFC (ilPFC), because we have previously demonstrated that inhibition of ilPFC enhances dopamine (DA) neuron firing in the ventral tegmental area (VTA) via the ventral subiculum, likely by disinhibiting RE (Patton, Bizup, & Grace, 2013; Zimmerman & Grace, 2016) . We used in vivo, extracellular, single-unit recordings in the anesthetized rat and manipulated neural activity using targeted pharmacological manipulations, electrical stimulation and a projection-specific implementation of designer receptors exclusively activated by designer drugs (DREADDs). Our findings show that ilPFC can robustly modulate multiple aspects of RE neuron firing across diverse timescales.
| METHODS

| Animals
All experiments were performed in accordance with the guidelines outlined in the United States Public Health Service Guide for Care and Use of Laboratory Animals and were approved by the Institutional Animal Care and Use Committee of the University of Pittsburgh. All experiments were performed in young adult (>65 days old) male Sprague Dawley rats (59 rats total; 300-500 g; Envigo, Frederick, MD).
| In vivo electrophysiology in anesthetized rats
Rats were anesthetized with an initial dose of chloral hydrate (400 mg/kg i.p., Sigma) and supplemented periodically (i.p.) to maintain suppression of the hindlimb withdrawal reflex. Rats were placed in a stereotaxic frame (Kopf) and body temperature was maintained at 37°C with a temperaturecontrolled heating pad and rectal probe. Extracellular recordings were performed using single glass microelectrodes (impedance 6-8 M) filled with a 2% Chicago Sky Blue solution (Sigma) in 2 M NaCl. This impedance ensured waveforms from single neurons could be clearly resolved with a very high signal-to-noise ratio and without contamination from neighbouring neurons. Following a craniotomy electrodes were lowered into the RE in vertical tracks at 0.2 mm intervals in the x-y plane via hydraulic micropositioner. Before each track a short period of stabilization was incorporated to minimize the impact of the brain compression secondary to electrode movement on unit activity. The sampling area comprised a block of tissue including the RE from bregma/dural surface (in mm) AP: −1.4 to −2.2, ML: 0.1-0.5, and DV: −5.5 to −7.5. Sampling order in the AP direction was counterbalanced across animals. Following an additional short period of stabilization to ensure that the lowering of the electrode was not interfering with the firing of each neuron, every spontaneously active neuron encountered in this block of tissue was recorded for at least 3 m, and given the typical 1-2 Hz firing rate of RE neurons this resulted in ~270 spikes being included in the analysis of firing properties for each neuron. Individual neurons were recorded with broad filter settings (low pass, 10 Hz; high pass, 16 kHz). Immediately following recordings, the recording site was marked via electrophoretic ejection of Chicago Sky Blue from the tip of the recording electrode. All neurons included in the analysis were confirmed to be located in the RE by referencing their position to the marked recording site.
| Intracranial infusions and electrical stimulation
For intracranial infusions a guide cannula (23 gauge) was placed above the ilPFC or TRN at the following coordinates from bregma/skull surface (in mm): ilPFC AP: 2.7; ML: 0.5; DV: −3.5; TRN AP: −1.4, ML: 1.6, DV: −5.0, according to the Paxinos and Watson brain atlas (Paxinos & Watson, 2013) . Subsequently an infusion cannula (33 gauge) was inserted into the guide cannula, extending 2 mm beyond the tip of the guide cannula. Pharmacological agents dissolved in Dulbecco's phosphate buffered saline (dPBS; Sigma) or dPBS vehicle only were administered through the infusion cannula at a rate of 0.5 μl/min. The guide cannula was left in place for 3 m following infusions to allow for adequate diffusion of drug. Drug doses were as follows for all experiments: ilPFC: Tetrodotoxin (TTX; Sigma) 1 M in 0.5 μl; TRN: muscimol, BODIPY ® TMR-X conjugate (Thermofisher) 0.8 mM in 0.2 μl. All pharmacological agents were injected at doses reported previously to induce specific behavioural and/or neurochemical effects (Allen et al., 2008; Lodge & Grace, 2007; Patton et al., 2013; Valenti, Lodge, & Grace, 2011) . Rats received only one injection per region and individual RE cells were recorded from 5 m to 2.5 hr after infusions.
To visualize the spread of fluorescent muscimol, animals were transcardially perfused with 0.85% saline followed by 4% paraformaldehyde. Brains were post-fixed in 4% paraformaldehyde overnight and cryoprotected (25% w/v sucrose in PBS) until saturated. Coronal sections (60 μm thickness) were taken. During image acquisition exposure time was optimized for image quality. The spread of the drug was then qualitatively assessed on several sections and if more than 30% of the area of fluorescence was outside the area of the TRN the animal was excluded from further analyses.
For electrical stimulation, a concentric bipolar stimulating electrode was lowered into ilPFC at the following coordinates from bregma/skull surface (in mm): ilPFC AP: 2.7; ML: 0.5; DV: −4.5. Single pulses (1 mA, 0.25 msec pulsewidth) were delivered at 0.5 hz. Spontaneously active neurons, regardless of initial firing pattern, were recorded for 3 m before 5 pulses were delivered. If the firing pattern of the neuron changed in any fashion in response to these initial pulses, more pulses were delivered (~15-25) until the firing pattern of the neuron stabilized, that is, repeated stimuli no longer resulted in any appreciable changes in neuronal firing pattern. Spontaneous activity was also recorded for several minutes after stimulation to assess for persistent effects of stimulation on spontaneous firing pattern. Multiple neurons were recorded in the same animal, but the effects of stimulation did not differ qualitatively in neurons recorded early versus late in recordings.
| Viral constructs
To achieve hM4Di DREADDs expression in ilPFC, we used an AAV vector (rAAV2-hSyn-HA-hM4D(Gi)-IRES-mCitrine) containing a synapsin promoter, as well as a N-terminal HA tag and mCitrine reporter. A vector lacking the DREADDs gene (rAAV2-hSyn-EGFP) was used for control experiments. Both vectors were obtained from the UNC Vector Core, Chapel Hill, NC.
| Survival surgeries for virus injections
All survival surgeries were performed under general anaesthesia in a sterile environment. Briefly, rats were anesthetized with isoflurane (induction: 5%; maintenance: 1%-3% in oxygen) and placed in a stereotaxic apparatus using blunt, atraumatic ear bars. 400 nl of virus was then injected unilaterally into the right ilPFC via a pulled glass pipette (38-42 μm tip diameter) and pneumatic pressure over the course of 15 m. The pipette was left in place for 15 m after the infusion to allow for adequate diffusion. The wound was then closed and antibiotic cream was applied to the wound edge, and the rat was removed from the stereotaxic frame and monitored closely until conscious. Rats received analgesia (Medigel containing carpofen, 5 mg/kg/day, p.o.) 24 hr before and 24 hr after surgery, and immediately following surgery (carpofen, 5 mg/kg, s.c.). Rats were allowed 12 weeks to achieve sufficient construct expression in terminals in RE before experiments. | ZIMMERMAN ANd GRACE
| In vivo electrophysiology in DREADDexpressing animals
Animals were prepared for recording and the RE was sampled as described above. Extracellular recordings were performed using a single glass microelectrode glued to a pulled glass pipette (20 μm tip diameter) filled with dPBS vehicle or CNO (Tocris, Bristol, UK). The recording electrode tip and infusion pipette tip were separated by ~150 μm. Spontaneously active neurons were recorded for 3 m before vehicle or CNO (dissolved in dBPS; 100 μM in 60 nl) application, during the entirety of vehicle or CNO application (30 to 60 s), and for at least 3 m after vehicle or CNO application. Multiple neurons were recorded in the same animal and separated by at least 200 μm. Each neuron received only one exposure to vehicle or CNO.
| Localization of DREADD expression
Immediately following electrophysiological recordings animals were perfused transcardially with 0.85% saline followed by 4% paraformaldehyde. Brains were postfixed in 4% paraformaldehyde overnight and cryoprotected (25% w/v sucrose in PBS) until saturated. Coronal sections (10 μm thickness) were taken and mounted onto glass slides. Immunohistochemistry for HA was then performed in the following manner. Tissue was blocked in a solution of 1× PBS containing 0.3% Triton X-100 and 3% normal goat serum, then incubated in primary antibody (rabbit anti-HA, 1:500, Cell Signaling, 3724, Danvers, MA) overnight at room temperature. Slides were then washed and incubated with a secondary fluorescent antibody (goat anti-rabbit 594, 1:500, Abcam, ab150080, Cambridge, MA) for 3 hr. Slices were counterstained with DAPI and coverslipped with ProLong Gold. Viral spread of DREADDs-expressing constructs was qualitatively assessed in ilPFC on several sections using anti-HA fluorescence and if more than 30% of the area of fluorescence was outside the ilPFC the animal was excluded from future analyses. Terminal expression in RE was also confirmed using anti-HA fluorescence. Viral spread and terminal expression were assessed in EGFP-only animals using endogenous fluorescence. During image acquisition exposure time was optimized for image quality. All antibodies were previously validated for specificity, as described on the manufacturer's websites and the Journal of Comparative Neurology antibody database.
| Analysis parameters for RE neuron firing properties
For the purposes of calculating firing rate, all of the spikes fired within a burst were considered as separate events. For example, the firing rate for a 10 s period of recording containing two bursts, each of which contains 3 spikes, would be 0.6 Hz. Bursts were defined using the following interval criteria: maximum interval to start a burst: ≤6 ms, maximum interval to end burst: 10 ms, minimum interval between burst: 200 ms, minimum duration of burst: 2 ms, minimum number of spikes within a burst: 2 (Kim et al., 2011) . A 6-ms interspike interval (ISI) was used for the maximum interval to start a burst after an examination of ISI distributions in our data revealed that some putative burst spikes were occurring at intervals >4 ms, which is the typical but conservative cutoff used to classify thalamic bursts Ramcharan, Gnadt, & Sherman, 2005) . We also verified that bursts conformed to other previously established criteria for thalamic burst firing; that is, a preceding >100 ms of no spikes and a gradual lengthening of the ISI within a burst . For mean spikes per burst analysis, neurons in which no bursts occurred were excluded from analysis. The average number of spontaneously active RE neurons per electrode track, that is, "cells/track" was calculated for each individual animal.
| Experimental design and statistical analysis
Electrophysiological analysis of RE neuron activity was performed using commercially available software (LabChart and NeuroExplorer). All statistics were calculated using the GraphPad Prism software program (GraphPad Software). In our studies, we found that burst firing propensity (i.e. per cent spikes fired in bursts) in RE neurons, even recorded in the same animal in close spatial and temporal proximity, was highly variable and not normally distributed. However, our measurement of mean spikes per burst provides a lessvariable indicator of burst firing propensity that has been shown to depend on the same intracellular mechanisms as burst firing . While single-unit, extracellular recording data from RE neurons are sparse, the sample sizes for RE neurons recordings throughout the current work were based on previous reports examining analogous circuits and/or similar experimental approaches (Kim et al., 2011; Lara-Vásquez, Espinosa, Durán, Stockle, & Fuentealba, 2016; Mahler et al., 2014; Ramcharan et al., 2005; Whitt, Masri, Pulimood, & Keller, 2013) . Experimental design for each experiment is as follows.
| ilPFC inhibition experiment
About 21 total rats were included in this experiment. A total of 138 neurons were found to lie within RE and were included in the analysis. Within each animal, several neurons were recorded before TTX infusion, then a single drug or vehicle infusion was performed in the ilPFC, then several more neurons were recorded. Control animals received only vehicle (i.e. dPBS) infusion. Therefore, neurons were recorded under four different conditions: (a) before vehicle injection, (b) after vehicle injection, (c) before TTX injection and (d) after TTX injection. Note that conditions 1 and 3 are identical. TTX was utilized here to maintain consistency with our prior report assessing the involvement of RE on VTA DA neuron firing (Zimmerman & Grace, 2016) , and because we have utilized TTX in ilPFC in multiple prior reports and observed robust effects (Moreines, Owrutsky, & Grace, 2017; Patton et al., 2013) . Neurons exposed to the same experimental conditions were pooled across animals for statistical analyses.
Reported sample sizes indicate the number of cells recorded in total from all animals. Significance testing was performed using the Mann-Whitney U test.
| ilPFC stimulation experiment
Three rats were included in the experiment. Eight neurons from these rats were found to lie within RE and were included in the analysis. Each neuron was recorded before, during and after acute electrical stimulation. All RE neurons from all animals were pooled for analyses.
F I G U R E 1
Baseline firing properties of RE neurons. Extracellular recordings of spontaneously active RE neurons were performed in anesthetized rats under baseline conditions. (a) Representative image of the location of an example neuron recorded in RE. The location of this neuron was marked following recording by iontophoretic application of Chicago Sky Blue dye (dashed arrow). Scale bar = 900 μm. (b) Schematic depiction of the area within RE from which all RE neurons throughout the manuscript were sampled (blue shading). The sampling area comprised a block of tissue including the RE from bregma/dural surface (in mm) AP: −1.4 to −2.2, ML: 0.1-0.5, and DV: −5.5 to −7.5. All neurons included in the analysis were confirmed to be located in the RE by referencing their position to a marked recording site generated via electrophoretic ejection of Chicago Sky Blue from the tip of the recording electrode. 
| TRN inhibition experiment
About 17 rats were included in the experiment. A total of 132 neurons from these rats were found to lie within RE and were included in the analysis. The experimental design here was identical to that described above in the "ilPFC Inhibition Experiment", but fluorescently conjugated muscimol in TRN was used instead of TTX in ilPFC. Fluorescently conjugated muscimol (Allen et al., 2008 ) was used to achieve neuronal inhibition, which (a) would not be expected to affect fibres of passage and (b) permitted visualization of the extent of drug spread-a critical point given the unusual shape of TRN in the coronal plane and its close proximity to RE (Paxinos & Watson, 2013) . Significance testing was performed using the Mann-Whitney U test.
| DREADDs experiment
About 18 rats were included in the experiment. A total of 75 neurons from these rats were found to lie within RE and were included in the analysis. Multiple neurons were recorded in the same animal. Each neuron was recorded before, during and after vehicle or CNO infusion, as described above. This resulted in cells exposed to four different manipulations as follows: animals expressing EGFP + vehicle injection (EGFP + VEH), animals expressing EGFP + CNO injection (EGFP + CNO), animals expressing hM4Di + vehicle injection (hM4Di + VEH) and animals expressing hM4Di + CNO injection (hM4Di + CNO). Significance testing was performed using the Wilcoxon matched pairs signed-rank test and confidence intervals of the mean paired difference reported.
| RESULTS
| Baseline firing properties of RE neurons
Extracellular recordings of spontaneously active RE neurons were performed in anesthetized rats (Figure 1a-b) . Each neuron was recorded for 3 m and firing rate and multiple burst firing parameters were measured. Burst firing was defined using previously established criteria Kim et al., 2011) and based on independent assessment of interspike intervals in the recorded sample. The majority of RE neurons recorded exhibited both tonic and burst firing patterns, most often intermixed in the same neuron (Figure 1c-d) . The mean firing rate of RE neurons was 2.16 ± 0.36 Hz while the median firing rate was 1.60 Hz (Figure 1e ). Of the recorded neurons, >75% exhibited a firing rate at or below 3.0 Hz, while firing rates in the remaining minority of neurons ranged from 4-12 Hz. The mean percentage of spikes fired in bursts was 53.6 ± 4.8%, while the median was 61.4% (Figure 1f) . Of the recorded neurons, 18% did not exhibit any burst firing, while the remaining neurons exhibited a percentage of spikes fired in bursts ranging from <5% to >95%. In addition, the mean spikes per burst in RE neurons was 2.9 ± 0.1 spikes, while the median was 2.68 spikes (Figure 1g ). Although observations suggested that neurons with higher firing rates tended to exhibit a lower percentage of spikes fired in bursts (Figure 1h ), these parameters did not show a significant degree of correlation (F (1,46) = 3.44, p = 0.15, 95% CI = −0.04-0.001; R 2 = 0.07).
| Inhibition of ilPFC reduces burst firing in RE neurons
Our previous report (Zimmerman & Grace, 2016) implicated ilPFC-RE communication in controlling VTA DA neuron population activity. However, the circuit dynamics underlying ilPFC-RE communication have not been studied in detail. To address this question spontaneous activity in RE cells was recorded in anesthetized rats before and after acute infusion of TTX into ilPFC (1 μmol/L in 0.5 μl), in which several neurons were recorded before and after TTX infusion in the same animal (Figure 2a-b) .
Data from all neurons recorded in all animals were pooled. Firing rate and burst firing parameters were assessed in each neuron recorded. To assess for effects of time under anaesthesia and prior sampling in RE, RE neurons were recorded in animals in which dPBS vehicle was infused into ilPFC. Following TTX or vehicle infusion in ilPFC no differences were observed in firing rate in RE neurons recorded after infusion compared to RE neurons recorded before infusion (Figure 2c ; Mann-Whitney, VEH: U = 622, p = 0.28, 95% CI = −0.8355-0.304, TTX: U = 390.5, p = 0.44, 95% CI = −29.05-7.04). However, following the same manipulation there was a reduction in burst firing propensity across the population of RE neurons sampled (Figure 2d ). In addition, the average number of spikes within a burst for each neuron was measured (Figure 2e ), a parameter that depends on the amplitude of low-threshold calcium spikes within a neuron (Sherman, 1996) . Following TTX infusion (but not vehicle), there was a large, statistically significant decrease in the average number of spikes within a burst (Mann-Whitney, VEH: U = 529.5, p = 0.59, 95% CI = −0.1733-0.2816, TTX: U = 197.5, p = 0.005, 95% CI = −0.7258-0.09293). Finally, no change was observed in the number of spontaneously active RE neurons per track following either vehicle or TTX infusion (Figure 2f ; Mann-Whitney, VEH: U = 41.5, p = 0.54, 95% CI = −0.67-1.167, TTX: U = 14, p = 0.19, 95% CI = −1.5-0.34). These data suggest that ilPFC contributes to the maintenance of burst firing in RE neurons. 
| Electrical Stimulation of ilPFC induces burst firing and reduces tonic firing in RE neurons
Direct ilPFC projections to RE are glutamatergic, but ilPFC influence on RE likely also depends on feedforward inhibition arising from well-described ilPFC projections to the TRN (Çavdar et al., 2008; Cornwall et al., 1990) , but see (Vertes, 2003) . To examine the combined contribution of these pathways in controlling RE neuron firing, spontaneous activity in single RE neurons was recorded before, during, and after electrical stimulation of ilPFC (0.5 hz, 1 mA) using a concentric bipolar electrode (Figure 3 ). Several successive trials were performed in each neuron and multiple neurons were recorded in the same animal. In 75% of neurons recorded, individual pulses to ilPFC resulted initially in cessation of all firing, followed ~0.6 s later by rebound spiking, predominantly consisting of bursting (Figure 3c-d) . In responsive neurons, several successive pulses (i.e. ~15-25) resulted in a gradual loss of tonic firing and predominance of burst firing (Figure 3e ), in most cases leading to a complete cessation of firing altogether. This effect of stimulation subsided within 1 m following cessation of stimuli. These findings suggest that ilPFC stimulation is sufficient to entrain bursting in, and even possibly silence altogether, RE neurons. Furthermore, these effects are likely mediated by feedforward inhibition from the ilPFC-TRN pathway (Halassa et al., 2011) .
| Inhibition of TRN decreases the number of spontaneously active RE neurons
Given the likely impact of feedforward inhibition from the ilPFC-TRN pathway on RE neuron firing, the effects of manipulating TRN itself were investigated (Figure 4) . The portion of TRN that most strongly projects to RE was targeted with fluorescently conjugated muscimol injections (Çavdar et al., 2008; Cornwall et al., 1990; Kolmac & Mitrofanis, 1997) . The experimental design and analyses for these experiments were identical to those in the ilPFC inhibition experiment described above. Following fluorescently conjugated muscimol infusion into TRN, no changes were observed in the firing rate of RE neurons recorded after vehicle or muscimol infusion compared to those recorded before (Figure 4c a substantial and statistically significant reduction in the number of spontaneously active RE neurons encountered (Figure 4f ; Mann-Whitney, VEH: U = 31.5, p = 0.45, 95% CI = −0.83-0.33, TTX: U = 13.5, p = 0.038, 95% CI = −1.296-0.041). These data suggest that, when manipulated in isolation, TRN input to RE has a qualitatively distinct role compared to feedforward inhibition from corticothalamic inputs.
F I G U R E 6
Inhibition of ilPFC terminals in RE enhances burst firing in RE neurons. Individual RE neurons in rats expressing hM4Di or EGFP only in ilPFC and ilPFC terminals in RE were recorded before, during and after local microinfusion of CNO (60 nl of 100 μM) or dPBS vehicle control (VEH) via a combined glass injection pipette-recording electrode. (a) Schematic diagram demonstrating the virus injection site, relevant circuitry and combined glass injection pipette-recording electrode dimensions. (b) Acute CNO or VEH application had no effect on firing rate in any group. For panels b,d,e,g groups as indicated in panel b. "Before" is the firing parameter measured for 3 m before vehicle or CNO application, and "After" is the firing parameter measured for 3 m after vehicle or CNO application. (c) Cumulative perievent histograms of firing rate (top) and burst firing (bottom) for a single RE neuron in an hM4Di animal before, during (grey box) and after CNO application. (d) The percentage of spikes fired in bursts presented as individual neurons (grey lines) and grouped box-and-whiskers plots before and after acute CNO application. CNO application enhanced burst firing in RE neurons of animals expressing hM4Di, but this effect was not consistently observed in any other group. (e) Data from D presented as the difference in percentage of spikes fired in bursts (% SIB) before and after vehicle or CNO application. Individual values plotted in black circles on left y-axis and group means + standard error of the mean plotted in bars on right y-axis, for clarity. (f) Data from a subset of neurons in the hM4Di+CNO group that exhibited an increase in burst firing following CNO application, demonstrating inconsistent changes in mean spikes/burst. (g) Acute CNO enhanced the mean number of spikes within a burst in the EGFP + CNO group, but not in any other group. *p < 0.05, **p < 0.01 (Wilcoxon paired signed-rank test). EGFP + VEH n = 15 neurons from 3 animals, EGFP + CNO n = 18 neurons from four animals, hM4Di+VEH n = 12 neurons from two animals, hM4Di+CNO n = 30 neurons from nine animals. [Colour figure can be viewed at wileyonlinelibrary.com] | ZIMMERMAN ANd GRACE
| Inhibition of ilPFC terminals in RE enhances burst firing in RE neurons
The findings described above are consistent with the ilPFC influencing the firing pattern of RE neurons via feedforward inhibition. However, ilPFC also sends monosynaptic, glutamatergic projections to RE. In order to assess the role of these projections in controlling RE neuron firing, a projection-specific approach utilizing DREADDs (Ge et al., 2017; Lichtenberg et al., 2017; Mahler et al., 2014 Mahler et al., , 2018 Malvaez, Shieh, Murphy, Greenfield, & Wassum, 2018; McGlinchey & Aston-Jones, 2018; Stachniak, Ghosh, & Sternson, 2014) was used. AAV vector constructs containing the inhibitory DREADD hM4Di fused to EGFP (rAAV2-hSyn-HA-hM4Di-IRES-mCitrine) or EGFP only controls (rAAV2-hSyn-EGFP) were injected into ilPFC (Figure 5a-b) . After recordings, the maximal extent of EGFP expression across EGFP-only animals and anti-HA immunoreactivity across hM4Di animals was assessed to ensure localization to the ilPFC (Figure 5c ). After allowing sufficient time for construct expression in ilPFC terminals in RE (i.e. 12 weeks; Figure 5d -e, white arrowheads), individual RE neurons were recorded before and after local microinfusion of CNO (60 nl of 100 μM) or dPBS vehicle control (VEH) via a combined glass injection pipette-recording electrode (Figure 6a ). Following acute CNO or VEH application, no effect on firing rate was found in any group (Figure 6b ). However, following CNO application onto RE neurons in animals expressing hM4Di (Figure 6c-e) there was a statistically significant enhancement of the percentage of spikes fired in bursts (Figure 6d ; Wilcoxon matched pairs signed-rank test, p = 0.02, 95% CI = 0-3.843). This effect was observed in a subset of RE neurons (12/30 neurons, 40% of recorded neurons) and appeared most prominent in neurons exhibiting a low percentage of spikes fired in bursts before CNO application. This effect was observed in some individual neurons recorded in animals expressing EGFP only or following vehicle injection (Figure 6d ), but there were no statistically significant effects in any of these groups as a whole (Wilcoxon matched pairs signed-rank test, EGFP + VEH: p = 0.38, 95% CI = −10.75-1.69; EGFP + CNO: p = 0.89, 95% CI = −6.27-3.33, hM4Di + VEH: p = 0.99, 95% CI = −9.86-7.30). Notably, neurons in the hM4Di + CNO group that exhibited an enhancement in bursting following CNO application did not show a consistent change in the mean number of spikes fired within a burst (Figure 6f ). Finally, a statistically significant increase in the average number of spikes within a burst following CNO application in EGFP animals was found (Wilcoxon matched pairs signed-rank test, p = 0.005, 95% CI = −0.052-0.77) but no differences in this parameter were observed in any other group (Figure 6g ). Taken together, these findings suggest that the direct ilPFC-RE projection provides an input necessary to maintain certain characteristics of burst firing in RE neurons.
| DISCUSSION
These findings characterize RE neuron firing patterns in an intact preparation and describe the circuit dynamics underlying ilPFC-RE communication. Pharmacological inhibition of ilPFC, while not affecting firing rate, was found to reduce the incidence of burst firing across the population of RE neurons and also reduce the mean number of spikes within a burst. In contrast, electrical stimulation of ilPFC acutely drove burst firing, and repeated stimulation was in many RE neurons able to silence almost all spontaneous activity. With respect to the distinct contributions of the TRN and monosynaptic ilPFC-RE projection to RE neuron firing, pharmacological inhibition of TRN did not affect any of the measured RE neuron firing parameters, but did reduce the number of spontaneously active RE neurons encountered in the recordings. Finally, inhibition of the direct ilPFC-RE pathway acutely enhanced burst firing in RE neurons.
The effects of acute inhibition or stimulation of ilPFC that were observed selectively affected burst firing parameters. This is potentially consistent with prior studies that have shown that TRN-mediated feedforward inhibition driven by cortex is powerful, often overwhelming the monosynaptic corticothalamic projection (Beierlein & Connors, 2002; Crandall et al., 2015; Halassa et al., 2011; Paz et al., 2011; Swadlow & Weyand, 1987) . Indeed, repeated stimulation of ilPFC completely silenced 75% of RE neurons after 20-22 stimuli. Following ilPFC inhibition (albeit on a much longer timescale compared to electrical stimulation), there was a reduction in the number of spikes within a burst, a parameter that depends on the amplitude of the T-type calcium channel-mediated current (i.e. the "low threshold spike") that underlies thalamic burst firing (Sherman, 2001) . It should be noted that ilPFC inhibition could be exerting other effects independent of membrane potential that would impact the number of spikes fired in a burst. In addition, it should be noted that the manipulations of ilPFC were not projection specific, and therefore these effects could be mediated in part by feedforward inhibition arising from extrathalamic sources, such as the zona incerta (Halassa & Acsády, 2016; Sesack, Deutch, Roth, & Bunney, 1989) . However, these manipulations provide the advantage of assessing the impact of ilPFC on the RE via a combined contribution of both direct and indirect pathways. Thus, these findings demonstrate that the predominant influence of ilPFC on RE neuron firing is on firing pattern.
The effects of targeted manipulation of two monosynaptic inputs to RE neurons were also evaluated: the subregion of TRN known to project to RE and ilPFC terminals in RE. Surprisingly, acute pharmacological infusion of fluorescently conjugated muscimol into TRN did not impact firing rate or any of the measured burst firing parameters in RE neurons, but did reduce the number of spontaneously active neurons encountered in RE. These findings could be attributable to an unanticipated effect of muscimol on TRN neurons, given the unique GABAergic signalling known to exist in the TRN in some in vitro preparations (Sun et al., 2012) . However, they could also suggest that in the anesthetized state, closed-loop TRN input to RE might predominate over the comparatively less robust glutamatergic input. This would produce a pacemaker-like activity that, when removed, results in a portion of target neurons exhibiting no spontaneous firing, as opposed to a graded change in bursting propensity. Furthermore, the effect of inhibiting TRN itself was different from that of inhibiting ilPFC, possibly because ilPFC drives TRN firing in a way that is distinct from the intrinsic firing of TRN neurons themselves (Crandall et al., 2015) .
In contrast to the effects of inhibiting ilPFC cell bodies on RE neuron firing, projection-specific inhibition of monosynaptic ilPFC inputs to RE induced an acute enhancement of burst firing in a subset of RE neurons. This effect could be attributable to the removal of a glutamatergic input causing a hyperpolarization of RE neurons, leading to more de-inactivation of T-type calcium channels and a larger lowthreshold spike (Sherman & Guillery, 2001) , although this was not directly tested in our experiments. However, this manipulation did not enhance the mean number of spikes per burst, which was reduced in parallel with a reduction in bursting seen following ilPFC inhibition. This effect suggests that inhibition of the glutamatergic ilPFC-RE input has distinct effects on RE cell membrane properties compared to that of removing all ilPFC input (feedforward or otherwise), implying the potential for highly nuanced control of RE cell firing depending on the specific inputs that are engaged. It should be noted that individual neurons in other treatment groups did exhibit changes in burst firing following application of CNO or vehicle. In particular, burst firing was often modulated up or down following CNO application in the EGFP + CNO group. Several previous studies have characterized off-target effects of CNO (MacLaren et al., 2016; Padovan-Hernandez & Knackstedt, 2018; Roth, 2016; Saloman et al., 2016) . However, in this study no effects were apparent in any group other than the hM4Di + CNO group when examined as a population, and the combined effects of hM4Di+CNO appear to be distinct from those of CNO by itself. In addition, it should be noted that while we did not electrophysiologically validate the effects of CNO on hM4Di-expressing axons in RE, this experimental approach has been electrophysiologically validated in several previous in vitro and in vivo studies in other projections (Ge et al., 2017; Lichtenberg et al., 2017; Mahler et al., 2014 Mahler et al., , 2018 Malvaez et al., 2018; McGlinchey & Aston-Jones, 2018; Stachniak et al., 2014) .
One factor to be considered is that all recordings were performed in anesthetized rats. Anaesthesia is known to affect the firing properties of thalamic neurons, including burst firing, in a state-dependent manner (Alkire, Hudetz, & Tononi, 2008) , that is, bursting has traditionally been shown to be enhanced in states of sleep or anaesthesia (Bezdudnaya et al., 2006; Sherman & Guillery, 2001) . However, the current findings are likely to be relevant to the awake state for several reasons. Thalamic burst firing has been described in sleep and wakefulness across species (Jeanmonod, Magnin, & Morel, 1996; Kim, Ohara, & Lenz, 2009; Nicolelis & Fanselow, 2002; Ramcharan et al., 2005; Swadlow & Gusev, 2001) , suggesting that it could be used as an important mode of information transfer in the brain in various states of consciousness. Therefore, the circuit dynamics described here could potentially be highly relevant, as anaesthesia is likely to impact baseline activity but it should not qualitatively impact the effects of pathway activation or inhibition. In addition, higher-order thalamic relays, such as RE, have been shown to burst more than first-order relays, suggesting that burst firing might have an even greater functional relevance in these thalamic nuclei (Ramcharan et al., 2005; Wei, Bonjean, Petry, Sejnowski, & Bickford, 2011) . Finally, the firing pattern of individual neurons recorded in higher-order thalamic relays, including RE, is highly heterogeneous across preparations (Ito et al., 2015; Kim et al., 2011; LaraVasquez, Espinosa, Durn, Stockle, & Fuentealba, 2016; Morales, Ramcharan, Sundararaman, Morgera, & Vertes, 2007; Ramcharan et al., 2005; Walsh et al., 2017; Zhang, Yoshida, Katz, & Lisman, 2012) , and the current findings reflect this, permitting an examination of the effects of these manipulations on an RE neuron population with various baseline firing properties.
Corticothalamic input plays a key role in modulating thalamocortical neuron firing pattern (Briggs & Usrey, 2008; Crandall et al., 2015; Godwin, Vaughan, & Sherman, 1996) , possibly permitting higher efficiency of information transfer and nuanced population-level coding (Behuret, Deleuze, & Bal, 2015; Mukherjee & Kaplan, 1995; Whitmire, Waiblinger, Schwarz, & Stanley, 2016; Wolfart, Debay, Le Masson, Destexhe, & Bal, 2005) . The current findings demonstrate that the ilPFC can modulate multiple RE neuron burst firing parameters, including per cent of spikes fired in bursts and the mean number of spikes within a burst, both in tandem and independent via the monosynaptic il-PFC-RE projection. The number of spikes within a burst has recently been demonstrated to be a robust, independent mode of information transfer in thalamic neuron models (Elijah, Samengo, & Montemurro, 2015) . In addition, the | ZIMMERMAN ANd GRACE firing pattern of thalamocortical neurons can determine the manner by which these neurons engage cortical principle neurons and interneurons (Bayazitov, Westmoreland, & Zakharenko, 2013; Bruno & Sakmann, 2006; Hu & Agmon, 2016; LeBlanc et al., 2017; Swadlow & Gusev, 2001 ). In the case of RE in particular, the modulation of RE neuron firing by ilPFC could heavily influence how RE engages its downstream targets in the hippocampus, which include pyramidal neurons and interneurons (Dolleman- Van der Weel & Witter, 2000) . Future studies examining the influence of firing pattern in RE on engagement of these circuits will be critical, given the unique circuit organization of the hippocampus compared to other cortical regions targeted by thalamic input.
We have previously demonstrated that ilPFC (Patton et al., 2013) , via the ilPFC-RE-ventral subiculum circuit (Zimmerman & Grace, 2016) , controls the proportion of DA neurons in the VTA that are spontaneously active ("population activity"), a critical signalling parameter in the DA system (Grace, 2016) . Specifically, we showed that inhibition of the ilPFC paradoxically enhanced VTA DA neuron population activity, but concomitant inhibition of RE prevented this effect. These findings suggested that inhibition of ilPFC disinhibits RE, but the paucity of studies examining the influence of ilPFC on RE neuron firing prevented any definitive conclusions. The current work introduces the possibility that inhibition of ilPFC shifts the firing pattern of the RE neuron population from bursting to tonic firing, while stimulation of ilPFC was capable of silencing RE neuron firing. The loss of this inhibition would depolarize RE neuron membrane potential, allowing for other inputs to exert more influence on RE neuron firing. From a clinical perspective disruption of corticothalamic communication in these circuits, as has been observed in schizophrenia (Anticevic et al., 2014 (Anticevic et al., , 2015 Woodward & Heckers, 2016; Woodward, Karbasforoushan, & Heckers, 2012) , could lead to deficits in prefrontal-hippocampal-dependent behaviours (Krol, Wimmer, Halassa, & Feng, 2018; Pratt, Morris, & Dawson, 2018; Reagh, Murray, & Yassa, 2017 ) and a dysregulated, hyperdopaminergic state, both of which may play a role in the disease.
